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EXECUTIVE SUMMARY

Turbojet engine fuel control systems employ sealing surfaces that move or slide over an elastomer
sealing material.  These seals are generally referred to as dynamic seals, and the ususal configuration is
an O-ring.  Testing of seals under dynamic conditions is generally required to verifiy that seal materials
are compatible with seals of varying composition.

A laboratory bench-top test apparatus was designed and built.  The apparatus is used for the evalua-
tion of elastomeric O-rings exposed to fuel or other fluids under dynamic conditions and at tempera-
tures ranging from 15° to 300°F.

The test rig can be used to determine the effect of various fluid components and additives on the swell
properties of elastomeric materials.  While this device is designed for testing dynamic seals that come
in contact with liquid fuels, the device described herein can also be used for testing seals in the pres-
ence of other liquids and for applications other than turbojets.
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1.0 INTRODUCTION

Turbojet engine control systems are composed of a large number of fuel-wetted components that

supply the proper amount of fuel to the engine burner and these systems may employ fuel-wetted

actuators for the inlet guide vanes, nozzle exit area, and nozzle vectoring.   Within these systems

are a number of sealing surfaces that move or slide over an elastomer sealing material.  These

seals are generally referred to as dynamic seals and the usual configuration is an O-ring.  Testing

of seals under dynamic conditions is generally required to verify that seal materials are

compatible with fuels of varying composition.   This report describes a device that is designed

for testing dynamic seals that come in contact with liquid fuels, although the device described

herein can also be used for testing seals in the presence of other liquids and for applications other

than turbojets.

CAUTION 1: The device described herein is considered to be a developmental research tool

and not a commercial test apparatus.  While reasonable efforts have been exerted to develop a

user friendly and safe device, caution must be exercised while operating the device.  Several

surfaces are hot enough to cause skin burns if touched and there are several moving parts that

one must avoid contact. The system is designed to be loaded with small amounts of fuel and upon

failure of a test seal, fuel will leak into a catch basin or beaker.  Therefore, this device needs to

be well ventilated and placed away from potential ignition sources.  Fire extinguishing

equipment should be placed near the test device.

2.0 DESCRIPTION OF TEST DEVICE

A testing device for evaluating materials (elastomers) used in the manufacture of circular shaft

seals (O-ring) is described herein.   The device simulates sealing conditions normally employed

for sealing a shaft that reciprocates in its axial direction.
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2.1 Mechanical and Fluid Components

Figure 1 shows a cross section drawing of the principal component of the test rig. A stainless

steel shaft with test O-rings, machined to highly precise dimensions (± 0.005 inch), is

reciprocated in a heated aluminum block containing a precision bore also machined to highly

precise dimensions.  A small cavity at each end of the aluminum block, formed within the end

caps, collects fuel that leaks past the O-ring under test.  The “primary seal” is the seal under test

and the function of the “secondary seal” is to prevent fuel from leaking past the fuel collection

cavity.  The end cap is also sealed against the body via an O-ring seal (AS-568-116).

Figure 1.  Schematic of a “spool valve” assembly used for determining leakage rate of a seal
under test (primary seal).
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Elastomeric O-rings to be tested (size AS-568-012) are installed on the shaft; two are required,

one each on the ends of the shaft.  Jet fuel of varying composition is pumped into the central

cavity defined by the volume between the two shaft seals and the cylindrical region between the

shaft and bore wall.  The spool is translated ± 3/16 inch at a frequency of 12 strokes per minute.

Assuming a sinusoidal displacement, the peak velocity is approximately 14 inches per second.

CAUTION 2: The unit is supplied with Buna N seals.  Seals with different composition will need

to be installed based upon research needs.  The shaft O-ring groves and end cap shaft O-ring

grooves are designed in accordance with SAE-ARP-1233.  The  – 012 size O-ring is required

(0.070” cross section x 0.364” ID).   It is recommended that the end cap O-rings be replaced

with Viton seals or equivalent.  The larger diameter end cap seal located on the main body is a –

116 size.

A 600 W band heater under the control of a Watlow Series 93 microprocessor-based temperature

controller can control the fuel temperature within the central cavity to the desired test

temperature, which should not exceed 300 °F.  Type T thermocouples are located in the valve

body to within approximately 1/8 inch of the spool O-rings. (Not shown in Figure 1.)  This close

proximity promotes more accurate measurement of the actual temperature of the O-ring.  One

thermocouple is located over each O-ring.  The cavity temperature is controlled by

measurements from only one of the thermocouples, but either one can be selected.  The

measured temperature from both locations is always monitored and displayed.

The heated and insulated block and shaft is supported on a rigid aluminum frame structure.  The

force needed to move the shaft is directed in the shaft’s axial direction and precisely collinear on

the axial centerline of the shaft.  This is accomplished by a cross-head assembly incorporating

two linear bearings.  See Figures 2 and 3.  The force is supplied by a 12 rpm, 3/4 horsepower

gear-motor connected to a bell-crank mechanism.  The shaft horizontal displacement is set to ±

3/16 inch.  The stroke can be adjusted a small amount by setting the radial distance of the bell-

crank pin.  The stroke should not be more than ± 1/4 inch because the shaft must keep its stroke

within the allowable bore length.
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Figure 2. Face on view of Dynamic Seal Test Rig.  Axial motion of the shaft within the heated block
is supplied by a bell crank mechanism and cross-head assembly.

Figure 3. View of top surface layout of Dynamic Seal Test Rig.  Two fuel reservoirs are available for
testing with two different fuels.
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A unique feature of the rig is its ability to switch fuels during a test run.  The test can start with

one particular fuel that is brought into contact with the O-ring seals and then switched to a

second fuel with a different composition.  This simulates a common situation that occurs in the

field for which there is little known about the frequent changes of fuel composition on

elastomers.  To accommodate this feature, two reservoirs and associated valves are required.

The switching is accomplished manually (i.e. not automated).

A line diagram of the entire system is shown in Figure 4.  Labeling of valves and components on

the test rig correspond to the nomenclature used in the schematic.  Fuel is pumped into the heated

block by pressurizing the fuel in the reservoirs with nitrogen.  The nitrogen pressure is displayed

by the pressure gauge on the front panel.  A safety relief valve, V8, located on the top surface of

the rig behind the motor is set at approximately 150 psi.

CAUTION 3: The safety relief valve located immediately behind the electric motor on the top

surface will hiss loudly when nitrogen gas is being released.  This will normally occur when the

regulator on the nitrogen gas bottle is set too high.  Upon this event, the nitrogen regulator must

be set to a lower pressure immediately.

Selector valve V1 will direct nitrogen gas into reservoir A or B and selector valve V2 will direct

fuel into the test rig.  These valves are clearly identified on the front panel of the rig with “N2”

for valve V1 and “Fuel” for V2.  Valve V3 is used to purge fuel through the test rig and valves

V4 and V5 are for draining fuel from the reservoirs. These valves are clearly marked and are

located on the lower right hand side of the rig.  Physically, all three valves are connected

together on their downstream side to a common drain line.  Valves V6 and V7 are ball valves to

be opened when filling the fuel reservoirs.  A suggested way to fill the reservoirs is to use a

“squeeze bottle” or insert a small tube through the valve through which to pump the fluid.

Fuel leaking past the seals under test is captured in two 10 ml graduated cylinders located just

below the heated block.  If more than 10 ml of fuel is captured in either cylinder, a photoelectric

sensor will sense this overfill condition and initiate a shutdown sequence whereby the motor that

provides spool motion is stopped and the heaters are turned off.  The power to the hour meter is

also shut off, indicating how long the unit was running prior to shutdown.
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CAUTION 4: The 10 ml graduated cylinders should be placed in a spill containment of volume

greater than the fuel contained in the selected reservoir used during a test, e.g., if reservoir A

contains 200 ml of fuel and it is the operating reservoir, then a spill basin of greater than 200 ml

is required.)  This is to prevent spillage of fuel if that fuel overfills the graduated cylinders.
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Figure 4.  Overall system schematic of the Dynamic Seal Test Rig
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2.2 Electrical Circuits

A systems level block diagram of the electronic components is shown in Figure 5.  The dynamic

test rig contains a heater control unit (Southwest Heater and Controls, Serial No. 11790),

photoelectric level sensors and signal conditioners (Banner), and interface board with relay logic,

a motor unit (Dayton model 5K934), a pushbutton resettable hour meter (Cramer Model 636X)

and a 600 watt two-piece band heater (Omega MBH-4020600T).  Setup and operation of the

photoelectric sensors and the HCU is found in the Appendix A.
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Figure 5.  Systems Level Electronic Block Diagram
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Circuit details for the heater control unit is shown in Figure 6.  The unit as received from

Southwest Heater and Controls was modified by the installation of a BNC plug in one leg of the

solid state relay.  This modification is needed to override control of the heater power from an

external source.

To Zone 1
Thermocouple

Type T

Front Panel
Selector Switch

Unit Power Switch 1 A

20 A

20 A

11 12

3

5

9 +

10 -

11 12

3

5

9 +

10 -

2

2

1

1

4

4

3

3

NC NO

1

23+

4-

Watlow 93
Control Unit

Zone 1

Watlow 93
Control Unit

Zone 2

To Relay
contacts 1 and
3 on K2

BNC
Connector

120 V, 60 Hz
Power Receptacle

120 V Power Plug
to Heater Coil

Solid State Relay

T/C Female
Plug

To Zone 2
Thermocouple

Type T

Figure 6. Circuit Details for Heater Control Unit (HCU)

Pin numbers for the major components are noted in Figure 6, which include the heater control

modules (Watlow Series 93), front panel switch, solid state relay, and power plugs (square shape

plug goes to the heater element and the rectangular shape plug goes to 60 Hz, 120 volt supply

power).  Both control units are always active and display temperature for Zone 1 and Zone 2 of

the heated block; however only one of these units control the heater depending on the position of
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the selector switch.  This provides some level of redundancy for the system, because if one of the

control units fail, the other unit can still control the system.  Of course, only one temperature

readout will be available, but the heated body is nearly isothermal and the temperature of the

heated block does not deviate much from end to end of the body.    Setup and operation of the

Watlow Units is contained in the Appendix A.

Figure 7 shows the electrical interconnection and relationships of the electronic modules and an

understanding of these interconnections is important for proper operation of the dynamic test rig.
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Hour Meter
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12 rpm MotorS1, Power
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68

3

7

2
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NC
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7
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on HCU Heater Control Unit

K2

31

7

2

L1
N

600W Band Heater

S3, Latch

L1
N

120 V, 60 Hz

Relay Socket Pin
Assignment

( 2 relays required)

Sensor 1
SN1, NC
Zone 1

Sensor 2
SN1, NC
Zone 2

Figure 7.  Electrical Interconnection of System Control Components and Relays
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Switches labeled “Start, Latch, and Power” are located on the front panel of the unit, and the

power switch for the heater and its control is located on the heater control unit.  After proper

setup of the level sensors (SN1 and SN2) and upon proper loading of fuel, starting of the unit

proceeds as follows: Turn all power switches to on position (front panel and heater control unit).

Depress the Latch switch to energize coil K1 (A light next to the switch will illuminate to show

that the circuit is armed).  At this point, SN1 and SN2 are active and power is being supplied to

the heater control unit and heater through activation of K2.   Set the heater controls to a desired

temperature (generally greater than 150 °F but not to exceed 300 °F).  Turn the selector switch to

either Zone 1 or Zone 2 for the chosen zone of active control.  Heat up generally occurs within

15 minutes and it is recommended to start a test as the temperature passes through 150 F.

Starting of a test is initiated by switching the Start switch to the on position.  (A light will turn on

as this switch is toggled.)  At this point the motor will be activated and the oscillatory motion of

the shaft will be initiated.  Also, the hour meter will be activated.

The test will run unattended until the liquid level sensor (SN1 or SN2) is activated (breaking

power to K1 and K2).  A test can also be terminated by turning off the power switch or start

switch.  Caution should be exercised if only the start switch is turned off because power will not

be cut off to the heater and only the motor and hour meter are halted.  Further testing can be

commenced only after depressing the Latch switch to rearm the circuit.

3.0 INSTALLATION OF TEST RIG

Uncrate unit and remove packing material.  Remove graduated cylinders that are packaged

separately.  Inspect for damage that may have occurred during shipment.  Look for loose parts,

bent parts, or broken parts.  Notify shipper if damage is found.

The unit fits into a cubical volume of approximately 18” wide by 30” long by 25” high. The dry

weight is approximately 139 pounds.  Four rubber pads are attached to the bottom of the unit to

prevent sliding and to accommodate surfaces that are somewhat rough and not level.  This unit

should be placed in a ventilated area to prevent the accumulation of fuel vapors.
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Install valve V6 on top of reservoir A and install valve V7 on top of reservoir B.  Also, install the

pressure relief valve, V8, to the N2 port located just behind the electric motor.

A 1/4" tube fitting located just above the relief valve, V8, is provided for connection to a

pressurized nitrogen bottle.  The nitrogen bottle must be equipped with a regulator that can safely

maintain a nitrogen pressure of not to exceed 150 psi.  Pressurized nitrogen is supplied to the

upper region of the fuel reservoirs and used to pump fuel into the dynamic test rig.

Flexible tubing should be attached to the 1/8” drain line found on the front of the unit on the

lower left-hand corner.  This flexible tubing will be needed when draining or venting fluid from

the unit and its reservoirs.

The unit requires 120 volt, 60 Hz AC power with and estimated maximum current draw of 15

amps.  The heater is fused for 20 amps and the heater control unit is fused for 1 amp.  These

fuses are located inside the heater control unit.

4.0 OPERATING INSTRUCTIONS

O-rings are normally tested until failure, which is loosely defined as excessive leakage of liquid.

Liquid that seeps past the shaft seals is collected in the receiving glass cylinders.  By quantifying

the volume of liquid collected, the seal performance may be characterized in terms of leak rate,

i.e. ml/hour, at various times during the test cycle or one may record the elapse time for some

type of catastrophic failure of the O-ring.

The following instructions provide guidance for installation of test seals and operating the rig.

4.1 Installation of O-rings

Prior to the initiation of a test, one will need to insert test seals on the shaft.  Therefore, the shaft

must be extracted from the body.  This is accomplished by removing the chain link that connects

the test shaft to the 0.75-inch diameter crosshead shaft.  This will decouple the shaft from the
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crosshead shaft.  For ease of reassembly, it is recommended that the motor not be rotated once

the link is removed so as to maintain proper stroking (displacement) of the O-ring shaft.  Next,

remove four 5/16 inch bolts that secure the left hand (viewed facing the front panel) end cap.

See Figure 8.

Figure 8.  Several views showing left end cap and shaft removed.  Note the chain link in left photo
that has been removed to decouple the crosshead shaft and the O-ring seal shaft.

Once the O-ringed shaft has been pulled out, one may carefully remove the O-rings, avoiding the

unnecessary introduction of scratches or cuts.  Normally, O-rings that are removed will be

further examined under a magnifying glass to observe damage caused during testing.  The end

cap also contains one internal O-ring and a graphalloy bushing (Type 117-6-111).  The

graphalloy bushing is expected to exhibit exceptionally long life, but the O-ring may need to be

replaced from time to time.  It is recommended that a Viton O-ring be used.   Also shown in the

right hand photo of Figure 8, one may see the O-ring that is installed on the aluminum body.  It is

recommenced that a Viton O-ring be used here.  Under normal test operations, the only seals that

will be routinely replaced are the O-rings on the shaft.

Upon installation of test seals on the stainless steel shaft, the inverse process is used to

reassemble the unit.  The shaft is carefully inserted into the body to avoid cutting the O-ring as it

is inserted.  A chamfer is machined at the end of the bore to smooth the corner, but care should

be exercised during the insertion process.  The shaft is pushed all the way through until it stops
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against the crosshead shaft.  The chain link can now be reinstalled.  If the stroke displacement

requires a change, one may adjust the pin position on the bellcrank.

4.2 Location of Controls and Sensors

On the front panel (See Figure 2), one will find:

• Three switches, labeled Power, Start, and Latch with indicators located nearby,

• A selector valve marked N2,

• A selector valve marked Fuel,

• A pressure gauge with 200 psi full scale,

• An Hour meter with a reset button,

• The heater control unit with a power switch, two controllers, marked Zone 1 and Zone 2, and

a selector switch that will point to the Zone 1 or Zone 2 controller. A 1-amp fuse receptacle

is also on the unit.  The controllers provide digital temperature readout and set point.

There is an opening on the lower left side that contains two vertical drain tubes that originate

from the end caps of the heated block located on the top surface of the unit.  Also, a vertical

bracket supports two sensors that look like C clamps.  These sensors contain push buttons on

their backside, which are important for setting up the operation of these sensors.  Under normal

operation, a 10 mL graduated cylinder is placed within the c-clamp region such that a red beam

will cross the cylinder.

4.3 Operation

The general steps needed to operate the rig and to set up control functions are outlined in Table

1.  The sequence as shown in the table may be altered somewhat, especially after some

experience is gained with the system.  However, it is important to be always aware that

pressurized fuel is present and in contact with hot surfaces.
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Table 1.  Setup and Run Procedures
Step Action/Purpose Notes

1 Check unit for safety and proper ventilation
2 Check unit for leaks or obvious damage
3 Close valves V6 and V7 Located on top of Reservoir A and B
4 Close Valves V3,V4, and V5 Located on the open end of the left side

FUEL LOADING OF RESERVOIR A It is recommended that normal grounding practices be followed
and no ignition sources should be present.

5 Switch V1 and V2 to B This ensures no contamination of A by B
6 Open V6
7 Insert a “fill tube” through ball valve V6, allow for venting Other safe fill methods can be used
8 Inject fuel into Reservoir A, not to exceed 2000 ml Record amount and type of fuel loaded.
9 Remove fill tube and Close V6

FUEL LOADING OF RESERVOIR B The rig can be run with either or both reservoirs loaded.
10 Switch V1 and V2 to A This ensures no contamination of B by A
11 Open V7
12 Insert a “fill tube” through ball valve V7, allow for venting
13 Inject fuel into Reservoir B, not to exceed 2000 ml Record amount and type of fuel loaded.
14 Remove fill tube and Close V7

PRESSURIZATION Pressurized nitrogen gas is injected over the fuel to suppress
vaporization and provide fuel flow through the rig.

15 Set pressure regulator on nitrogen bottle to 150 psi.  Note pressure
reading on front gauge.

If pressure exceeds about 170 psi, a loud hiss will radiate from the
pressure relief valve, V8.  Immediately back down the pressure on
the regulator.

16 Switch V1 and V2 to A, note pressure reading on front gauge. Pressure will rise to the set pressure of the regulator.
17 Switch V1 and V2 to B, note pressure reading on front gauge. Pressure will rise to the set pressure of the regulator.

PURGING Necessary to purge test fuel through the rig prior to test initiation.
18 Place a collection container at the end of the vent line. The vent line is a tube on the left lower corner of the unit.
19 Switch V1and V2 to a selected reservoir (A or B)
20 Open V3 slowly and look for fuel to flow out of the vent line
21 Collect at least 25 ml and safely dispose of this fuel.
22 Close V3

POWER
24 Turn “Power” switch on. (An orange lamp will illuminate.) Unit should be plugged into 60 hz, 120 V power source that can

supply 15 amps.  When power switch is on, power is supplied to
HCU and sensor units.  There is a white power strip located on the
terminal chassis under the top plate; switch on.
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Table 1.  Setup and Run Procedures
Step Action/Purpose Notes
25 Power switch on Heater Control Unit (HCU) may be turned on at this

point if the controllers for Zone 1 and Zone 2 are set below 100 °F.
Prior to the initiation of a test, the controllers will be set to the
desired test temperature (See step 34).

SETUP OF LEVEL SENSORS
Details for setting the logic and calibration of the overfill sensors,
SN1 and SN2 are found in the Appendix and should be consulted for
specifics not covered in this Table.  Also, these sensors have been
setup by SwRI to open circuit when fuel within a glass cylinder
absorbs energy from the 2 mm visible red beam that passed
diametrically through the cylinder.

26 Fill one 10 ml graduated cylinder to the top with test fuel. Used to set up overflow shutdown limit
27 Depress “Latch” switch. (Red light will illuminate.) This will arm the sensors.
28 Place an empty graduated cylinder in the slot (“C” shaped region) of

Sensor 1 that is located under Zone 1 of the heated block (left hand
sensor) and press the “teach button.”

The “teach button” is located on the rear side of the sensor.

29 Replace empty cylinder with the fuel filled cylinder and press the
teach button.  (The red beam must be shooting through the fuel.)

If at any time the sensor circuit triggers, the latch lamp will go out
and the latch switch must be pressed again to continue the setup.

30 Insert an empty cylinder and make sure the latch lamp is on.
31 Insert filled cylinder; sensor should trigger and latch lamp will go out.
32 Repeat steps 26 through 31 for sensor SN2 located under Zone 2 of

the heated block (right hand side)..

OPERATION OF HEATER CONTROLS
Details for setting up the heater controls are found in a manual in the
Appendix for the Watlow Series 93 controller.  The controller has
been initially setup by SwRI for reasonably fast and accurate
(minimal offset) operation.

33 If the unit is on (see step 25), two sets of numbers should be
displayed on each of the controllers marked Zone 1 and Zone 2.
The upper display indicates the actual temperature and the lower
display indicates the set point temperature.

34 Set point should normally indicate a value a bit above room temp.
(approx. 100°F).  To increase set point, press up-arrow button once
for single digit increase, hold down for rapid digit increase.  It is not
recommended to exceed a set point temp. of 300°°°°F, but this
could be exceeded somewhat depending upon the seal application.

Prior to shutting down the system, one should reduce the set point
temp. to approximately 100°F.  (See Step 35.)  This will prevent
excessive temperature buildup when the unit is first turned on and
at the same time, control function can be checked by noting that
the block temperature is approaching the set point temperature.
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Table 1.  Setup and Run Procedures
Step Action/Purpose Notes
35 At the conclusion of a test, it is recommended that the set point be

reduced to approximately 100 °F by pressing the down-arrow on the
controller face.

INITIATION OF TEST
A test plan should be developed to identify type of fuels to be
included in the test, operating temperature, and a failure criteria
should be identified (such as a maximum acceptable leak rate).

There is no provision for automated data acquisition, so all data
will need to be recorded manually.  One may wish to weigh the
cylinders a the initiation of the test and periodically during a test.

36 The following setup sequence will normally be accomplished prior to
initiation of a test.  (1) Place the two graduated cylinders under the
drain tubes, (2) bring the nitrogen pressure to 100 psig., (3) select
fuel reservoir, A or B, (4) set N2 selector valve to correspond to
selected fuel, A or B, (5) Select Zone 1 or Zone 2 on the heater
controller, (6) Depress reset button on the hour clock to bring the
clock to zero hours, (7) Depress the Latch switch, (8) set desired
test temperature on the selected Zone controller (300 F or less).

Make sure selected fuel is purged through the system.

37 When the measured temperature reaches 80 to 90 % of the selected
test temperature, flip the “Test” switch to on.

Test lamp will illuminate, and spool should start to reciprocate.

38 Unit will run unattended until sufficient fuel is collected in either
graduated cylinder to activate the level switch, at which time the
system will shut down.

Shutdown will cause motor to stop, hour meter to stop, and heater
will be turned off.  CAUTION.  There is no automatic fuel shut off
valve, so fuel under pressure can continue to leak through a failed
seal.  This fuel will overflow the cylinder and run into spill
containment.  Spill containment with sufficient volume should be
used such that all fuel in the reservoir can’t overflow containment.

39 Bring nitrogen pressure to zero (shut off nitrogen regulator and vent
fuel if necessary).  Record time of failure.

POST RUN ACTIVITIES
40 If test is manually stopped (turn Power switch to off) or stopped by

overfill limit action, several actions would normally be taken.  (1)
Bleed fuel from system by utilizing the nitrogen overpressure in the
reservoir (open valves V3, V4, or V5), (2) Bring nitrogen pressure to
zero (3) Dispose of excess fuel in containment pan if present,
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APPENDIX A
COMPONENT MANUALS
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APPENDIX B
PART AND ASSEMBLY DRAWINGS
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